Abstract: Theoretical studies on the thermodynamic and kinetic properties of the reactions of scandium (I) ion with the sulfur-transfer reagent SCO via the C-O bond activation pathway have been carried out over the temperature range of 200-1200 K using the DFT/B3LYP method, general statistical thermodynamics, and Eyring transition state theory with Wigner correction. The relevant reactions include reaction 1
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Introduction
The chemistry of transition metal sulfide systems play an important role in the fields of catalysis, biochemistry, and material science [1] [2] [3] [4] , which has seen increased attention been focused on the studies on their high selectivity. In many investigations of transition metal sulfide, CS 2 and SCO have been used as the main sulfur-transfer reagents, showing strong activity in their reactions with transition metal centers. There are a number of reaction types such as coordination, insertion, etc., which have been studied both experimentally and theoretically [5] . Studies by Jiang and Rue et al. [1, 6] have calculated for the reactions of V + (Fe + ) and CS 2 , and found that they proceed via an insertion-elimination mechanism. As for the reactions of a transition metal ion with SCO, this was observed to be more complicated as a consequence of the molecule having both a C-S bond and a C-O bond.
Transition metal chemistry such as scandium in the gas phase has previously been the subject of theoretical and experimental studies [7] [8] , Amentrout et al. [9] using Guided Ion Beam Mass Spectrometer studied the reaction of Sc + and SCO, and determined the scandium sulfide bond energies. They found the dominant products at the low energy condition, and proposed the insertion-elimination reaction mechanism. Dai et al. theoretically studied the potential energy surfaces for the reactions of Sc + with SCO using DFT theory [10] . In the molecule SCO, the C-S bond energy is 3.14 eV, which is lower than the C-O bond energy (6.88 eV). This suggests that the C-S bond activation is energetically more favorable than that of the C-O. Consequently, the reactions involving the C-S bond activation have received increased attention. On the other hand, in order to have a better understanding of the reaction mechanism of Sc + with SCO, it is necessary to obtain more information about the relevant reactions along the C-O bond activation branch.
In our present work, a systematic theoretical study on the thermodynamic and kinetic properties of the reactions of Sc + with SCO along the C-O bond activation branch was carried out in detail on the basis of Dai et al.'s potential energy surfaces [10] . Our further theoretical study on these reactions will be very useful for providing the relevant information and making useful predictions for any later experimental research work.
Computational methods
By using general statistical thermodynamics and Eyring transition state theory with Wigner correction, we examined the influence of temperature on the reaction channels of Sc + with SCO along the C-O bond activation branch and their thermodynamic and kinetic characters over the temperature range of 200-1200 K, in steps of 200 K. All computations of the thermodynamic and kinetic parameters (∆H°, ∆G°, ∆S°, K, k, A) were obtained in the same way as in our previous works [11] [12] [13] . The required optimized geometries, harmonic vibration frequencies and other data were obtained at the UB3LYP/6-311+G* level, which were acquired by using Gaussian 03 programs [14] . 
Results and Discussion
Step 2)) is a two-step process, which includes the isomerization of the linear species 1 IM 1 and intermediate 1 IM 2 , and the conversion to the insertion species
The optimized geometries of all relative species were also displayed in Fig. 1 . The two reaction barriers of TS1 (transition state 1) and TS2 are 3.7 and 3.5 kcal mol -1 , respectively, with the corresponding exoergic energies with values of -5.7 and -15.9 kcal mol -1 for ∆E for each of these reaction steps. These results suggest that step 2 in this system is both thermodynamically and kinetically favored over step 1.
On the other hand, it is well known that every chemical reaction takes place at a certain temperature, in order to obtain more information on the reaction process, we used general statistical thermodynamics and Eyring transition state theory with Wigner correction to make a further examination of the thermodynamic and kinetic properties of these reaction steps and the influence of temperature. First, we took step 1 as an example, and its variation of the thermodynamic data with temperature is given in Table 1 . It shows that the total entropies and equipressure molar heat capacities lie in the following similar orders, i.e., S total (
Moreover, these relative thermodynamic data all increase with increasing temperature, and other reaction channels could also be described in a similar manner. Table 2 shows the thermodynamic and kinetic data for two steps involved in reaction 1 over the temperature range of 200K-1200 K. The enthalpy changes, ∆H°, and the Gibbs free energy changes, ∆G°, of step 1 are negative, which means both reaction steps are exothermic and spontaneous. However, the entropy changes, ∆S°, of step 1 are negative, while those of step 2 are positive, thus, step 1 is an entropy-decreasing process, whilst step 2 is an entropy-increasing process over the whole temperature range of 200-1200 K. + with SCO along the C-O bond activation branch calculated at the UB3LY-P/6-311+G* level. Relative energies are given in kcal/mol. Geometric structures (bond lengths in Å and bond angles in deg.) of required species optimized at the UB3LYP/6-311+G* level of theory are also shown.
The equilibrium constants (K) for reaction step 1 decrease slowly (for example, the K value of step 1 is 0.190 10 8 at 200 K, and fall to 0.574 10 1 at 1200 K), while those for step 2 decrease sharply (for instance, K value of step 2 is 0.667 10 19 at 200 K, falling to 0.191 10 5 at 1200 K) with increasing temperature over the whole range. Fig. 2 shows the plots of lgK-1 T -1 and lgk-1 T -1 (inset), for these two reaction steps of singlet Sc + with SCO along the C-O bond activation branch. Compared to step 1, step 2 has larger lgK values. Moreover, the lgK differences of these reactions at low temperature are larger than those at high temperature, and the order of these lgK values in different steps at the same temperature, is consistent with that of their corresponding above-mentioned exoergic energies, ∆E, that is, lgK(2) > lgK (1) .
In addition, we computed the kinetic parameters, the A factors and reaction rate constants, k, in order to reveal the probabilities of these reactions and their temperature dependences. The rate constant expression can be written as: Where g is the factor corrected by Wigner; k B and h are Bolztman and Plank constants, respectively; R is the ideal gas constant; and ν ≠ is the imaginary frequency of the transition state; ∆S m ≠ and ∆H m ≠ are standard entropy and enthalpy of activation for the system, respectively. We found from Table 2 that lgA values of both steps are nearly equal to a certain value 13 and are temperatureindependent, which indicates these reactions follow the Arrhenius equation. All reaction rate constants, k, increase slowly with increase of the temperature over the whole temperature range, especially in step 1. For example, it rises from 0.250 10 10 s -1 at 200 K to 0.905 10 12 s -1 at 1200 K in reaction step 1. In this two-step process, the formation of TS1 is the rate-determining step. From  Fig. 2 , we can clearly see that lgk varies linearly with 1/T over 200-1200 K, and the order of these lgk values at the same temperature is in agreement with that of the abovementioned reaction barriers, that is, lgk(2) > lgk (1) . In addition, the lgk differences of these reaction steps at high temperature are a little larger than those at low temperature. Therefore, we could conclude that with increasing temperature, the equilibrium constants, K, for reaction steps 1 and 2 decrease sharply, but the rate constants of all these reaction steps increase gradually. Moreover, step 2 is both thermodynamically and kinetically favored over step 1.
In the Sc + + SCO system, the energy of ground state Sc + ( 3 D) is lower than that of the excited state Sc + ( 1 G) by 35.7 kcal mol -1 at the UB3LYP/6-311+G* level, therefore, under conditions of low energy, the reaction between ground state 3 Sc + and SCO is more favored. So far, it is well known that a number of reactions in organic, inorganic and organometallic chemistry, in which two states of different multiplicities are involved on the reaction path, have been verified experimentally [15] [16] [17] . Dai et al. found that the spin inversion might occur in this reaction system, where the spin multiplicity should change from the triplet state to the singlet state in the crossing region and then move to the singlet potential energy surface as the reaction proceeds [10] . So, when SCO approaches the ground state 3 Sc + from its oxygen side, an encounter complex 3 IM 1 is formed. Its energy is lower than that of the reactants 3 Sc + + SCO by 26.2 kcal mol -1 , and its optimized linear geometric structure is r(C-S)1.5359Å, r(C-O)1.1866Å, and r(Sc-O) 2.1807Å. In Reaction 2, i.e., 3 Sc In order to obtain a better understanding of these two reactions, further calculations of the thermodynamic data for reactions 1 and 2 with different environmental temperatures have been introduced (please see the supplementary table 1). The entropy changes, ∆S°, of both reactions are all positive, which means their entropy increases over the whole observed temperature range. The enthalpy changes, ∆H°, and the Gibbs free energy changes, ∆G°, of reaction 1 and reaction 2 are negative, thus, implying that the two reactions are exothermic and spontaneous. These thermodynamic data all decrease with increasing temperature, for example, the Gibbs free energy changes, ∆G°, of reaction 1 decreases from -99.95 KJ mol -1 at 200K to -115.78 KJ mol -1 . Therefore, the spontaneous reaction has reactivity preference at high temperature. , respectively).
The relative thermodynamic and kinetic parameters for this system have been limited or not previously been available, and so, our calculations could provide these important predictions and fill some missing gaps in the transition metal sulfides chemistry.
Conclusions
From the investigations reported in this paper, we can draw conclusions based on the above theoretical calculations as follows: (1) In step 1 of reaction 1, the total entropies and equipressure molar heat capacities follow in the following similar orders, i.e., S total ( 1 IM 1 ) > S total ( 1 IM 2 ) > S total ( 1 TS1) and C p,m ( 1 IM 1 ) > C p,m ( 1 IM 2 ) > C p,m ( 1 TS1). Moreover, these relative thermodynamic data all increase with increasing temperature; (2) Within the temperature range of 200 K-1200 K, the order of equilibrium constants (K) and the reaction rate constant (k) are consistent with those of their corresponding exoergic energies, ∆E, and reaction barriers, respectively.
Step 2 of reaction 1 is both thermodynamically and kinetically favored over the whole temperature range; (3) Both reaction 1 and reaction 2 are exothermic and spontaneous processes where their entropy increases over the whole observed temperature range,, and their thermodynamic data all decrease with increasing temperature.
